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We perform a spectral analysis of the excess observed in the recoiled electron energy spectrum by
XENON1T with nonstandard neutrino interactions. To this aim we consider the neutrino magnetic
moment, charge radius and new light vector and scalar mediators and compare their effects on the
spectrum. We find that the excess can be explained in the range (2−4)×10−11µB for the magnetic
moment, (2 − 6) × 10−31cm2 for the charge radius, and (10 − 100) keV masses of light mediators,
couplings of about 5 × 10−7 and 1.2 × 10−6 for vector and scalar mediators, respectively, however,
some of these limits are in tension with the bounds from other laboratory experiments.
I. INTRODUCTION
Recently, the XENON1T has observed an excess in the
recoiled electron energy spectrum [1]. Above the known
and expected Standard Model background, more events
than expected were observed in the (1− 7) keV region of
electron recoil. The large exposure and unprecedentedly
low background rate of the experiment could indeed en-
able fundamental discoveries. Or enable the discovery of
a new background source.
Several phenomenological papers appeared immedi-
ately after the announcement of the collaboration [1].
This is one of them. We investigate the possibility
that neutrinos possess new interactions that modify the
neutrino–electron cross section at the low energies prob-
able by XENON1T. Already in the XENON1T paper
[1], the possibility of an enhanced neutrino magnetic, al-
though in comparison to only Borexino limit, was ana-
lyzed, besides solar axions, bosonic dark matter and a
possible new background source, tritium.
With spectral analysis we explain this interesting ex-
cess with the help of nonstandard standard neutrino
interactions (NSI) by considering bounds from reactor,
accelerator, solar and COHERENT experiments [2–8].
The possibilities we discuss are a neutrino magnetic mo-
ment, a neutrino charge radius, and the presence of
light scalar and vector mediators that mediate neutrino-
electron scattering. We will show that how does these
four new physics choices compete with each other to ex-
plain the spectral shape of the recoil excess. We will also
discuss how does the constraints on neutrino magnetic
moment and neutrino charge radius are in tension with
the bounds from other laboratory experiments, particu-
larly from COHERENT experiment[4, 5].
II. EXPECTED NSI SPECTRUM
Here we recap the important formulas needed for our
calculations of the nonstandard neutrino interaction ef-
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fects. We split them into neutrino electromagnetic prop-
erties and light mediators in the neutrino-electron inter-
actions.
(1) να − e weak and electromagnetic scattering cross-
sections- The total differential cross section for the ν−e
scattering is
dσναe
dEr
=
(
dσναe
dEr
)
SM
+
(
dσναe
dEr
)
MM
, (1)
where(
dσναe
dEr
)
SM
=
2G2Fme
pi
[g2L+g
2
R
(
1− Er
Eν
)2
−gLgRmeEr
E2ν
]
(2)
is the standard electroweak cross section and(
dσναe
dEr
)
MM
=
piα2em(µ
eff
ν )
2
m2e
[
1
Er
− 1
Eν
] (3)
is the neutrino magnetic moment cross section [9–12].
Here, GF is Fermi constant, gL(R) = (gV ∓ gA)/2 + 1 for
νe and gL(R) = (gV ∓ gA)/2 for νµ and ντ , gV = −1/2 +
sin2 θW , gA = −1/2, µν is the effective neutrino magnetic
moment in units of Bohr magneton (µB), αem is the fine-
structure constant, me is the electron mass, Eν is the
incoming neutrino energy and Er is the recoiled electron
energy in the detector. We take sin2 θW = 0.23126 in the
MS scheme [13] with the tiny radiative corrections less
than 2% included. For neutrino charge radius we simply
replace gV by gV → gV + (
√
2αem/3GF )
〈
r2να
〉
[9–12].
(2) Light vector and scalar mediators- For simplicity
we assume that new light mediators couple with equal
strength to both neutrinos and electron. Also, we neglect
the pseudo-scalar and axial-vector contribution. For the
vector type mediator, in the low momentum transfer
limit, we replace gV as [6, 7]
gV → gV +
(
g2
Z′
2
√
2GF (2meEr +mZ′ )
)
, (4)
in the standard model cross section of the eqn. 2, where
gZ′ is the coupling constant and mZ′ is the mass of the
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2vector mediator. For scalar mediators we add their con-
tribution to the standard model cross section incoher-
ently. The scalar interaction cross therefore is
(
dσναe
dEr
)
scalar
=
(
g4φ
4pi(2meEr +mφ)2
)
m2eEr
E2ν
, (5)
where gφ is the coupling constant and mφ is mass of the
scalar mediators.
Next we define the differential event rate in terms of the
reconstructed recoiled energy (Erec) in order to estimate
the contribution of the aforementioned new physics to
the recoiled electron spectrum. This can be written as
(Note Added)
dN
dErec
= ne ×
∫ Emxν
Emnν
dEν
∫ Emxr
Ethr
dEr
(
dσνee
dEr
Pmee +
dσνµ/τe
dEr
Pmeµ/τ
)
× dφ
dEν
× (Er)×G(Er, Erec), (6)
where G(Er, Erec) is a normalized Gaussian smear-
ing function to account for the detector finite en-
ergy resolution with resolution power σ(Er)/Er =
(0.3171/
√
Er[keV]) + 0.0015 and (Er) is the detector
efficiency both taken from [1, 14], dφ/dEν is the solar
flux spectrum taken from [15] and ne is the number of
target electrons in fiducial volume of one ton Xenon [1].
Here, dσvαe/dEr are cross sections given in eqn. 2 above,
Pmee and P
m
eµ/τ are the survival and conversion probabili-
ties of solar pp electron neutrino including the negligibly
small matter effects given as
Pmee = s
4
13 +
1
2
c413(1 + cos 2θ
m
12 cos 2θ12) (7)
and Pmeµ/τ = 1− Pmee , where sij , cij are mixing angles in
vaccum and θm12 is the matter effects induced mixing angle
taken from [16, 17]. We consider the maximal mixing case
for the conversion probability. The integration limits are
Emnν = (Er +
√
2meEr + E2r )/2 and E
mx
ν = 420 keV,
the pp neutrinos spectrum limit, Ethr = 1 keV is the
detector threshold and Emxr = 30 keV is the maximum
recoil energy for the region of interest.
III. RESULTS AND DISCUSSION
Equipped with all the necessary formulas given above
we calculate the differential event rate energy spectrum
as function of Erec for the standard model case and
then for our new physics cases, that is, neutrino mag-
netic moment, neutrino charge radius, light vector and
scalar mediators. First, we made sure to reproduce the
expected spectrum of fig.1 of ref. [1] corresponding to
µν = 7 × 10−11 µB including the true energy smearing
and the efficiency of the detector using our eqn. 6. Our
SM expected energy spectrum shown in black color in
both fig. 1 and 2 also agree very well with the expected
spectrum given in ref. [18].
We then add the neutrino magnetic moment, neutrino
charge radius, light vector and scalar mediators each one
at a time and choose bench mark values of new physics
parameters in each case within ranges of the current
bounds [5–7, 19, 20]. For each case we choose three values
which lie in 1σ of the experimental data of XENON1T as
shown fig. 1 and fig. 2. Our new physics expected results
are shown in the continuous blue, orange and green color
in both figures.
In Fig.1(left), we show the neutrino magnetic mo-
ment case and choose three values (2, 3, 4) × 10−11µB .
In Fig.1(right), we show our expected spectrum for neu-
trino charge radius for the bench mark values (2, 4, 6)×
10−31cm2. One can see that excess is better explained by
neutrino magnetic moment while the charge radius con-
tribution has a flat increase with in the spectrum. This
is because the neutrino magnetic moment cross section
is sensitive at low recoils while the charge radius section
cross section is not competitively sensitive at low recoils
as can be see from the cross section formulas in eqn. 1
and 2. However, charge radius do have a substantial con-
tribution in the excess region and cannot be ignored.
In Fig.2, we show light mediator contributions for three
bench mark mass values of (10, 50, 100) keV with cou-
pling constants of 5×10−7 for vector (left) and 1.2×10−7
for scalars (right). One can see that for the chosen set
of mass values, which are same for both cases, the scalar
mediators have spectral increase in (1 − 15) keV region,
while the vector mediators spectrum increase in the range
(1 − 10) keV. Again, vector mediators have smooth fit-
ting to the spectrum specially in the excess region of
(1− 7) keV.
IV. CONCLUSIONS
We did a spectral analysis to explain the excess
observed in the electron recoil energy spectrum in
XENON1T detector with neutrino nonstandard inter-
actions. We have considered four different new physics
cases 1) neutrino magnetic moment 2) charge radius 3)
light vector 4) scalar mediators. We use the current
ranges of the new physics parameters bounds to inter-
pret the observed excess. Our analysis shows that the
boundaries of neutrino magnetic moment and charge ra-
dius considered here are in tension with the recent con-
straints (see Table II and IV of ref. [4]) from the CO-
HERENT data in particular. The bounds on neutrino
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FIG. 1. Experimental data, backgrounds, SM energy spectrum and our expected spectrum for different values neutrino
magnetic moment (left) and neutrino charge radius (right). Different graphs can be read from the legends inside each figure.
The shaded regions in the bottom correspond to the expectation without any backgrounds while the continuous line graphs
correspond to the expectation+background. The data points and background were taken from ref. [1].
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FIG. 2. Experimental data, backgrounds, SM energy spectrum and our expected spectrum for different values of the light
vector mediators (left) and scalar mediators (right). Different graphs can be read from the legends in inside each figure.
The shaded regions in the bottom correspond to the expectation without any background while the continuous line graphs
correspond to the expectation+background. The data points and background were taken from ref. [1].
4magnetic moment obtained in ref. [4] are too large to
explain the excess here, while those on charge radius are
too tight to explain this excess. This implies that more
stringent constraints expected on neutrino magnetic mo-
ment but relatively weaker on charge radius are expected
from the XENON1T data. We leave the fitting analysis
for a follow up work.
For the light mediators, due to a large allowed free
parameter space of masses and couplings constants the
excess be explained with arbitrary but reasonable choices
already determined by other experiments. In this case
we find that the whole spectrum, but the excess region
in particular, is sensitive to variation in a very narrower
window of the parameter boundaries considered here.
We find that within 1σ experimental uncertainty the
excess region of (1 − 7) keV is better explained in the
range (2− 4)× 10−11µB for magnetic moment, (2− 6)×
10−31cm2 for charge radius, (10− 100) keV mass ranges
with couplings of 5 × 10−7 and 1.2 × 10−6 for vector
and scalar mediators, respectively. Out of the consid-
ered four different physics scenarios, neutrino magnetic
moment and the light vector type mediators fit better to
the observed excess.
We conclude that neutrino nonstandard interactions
could be the top candidate to explain the excess given
the fact that neutrinos are massive and could have new
interactions beyond the standard model unless this pos-
sibility is excluded by other experiments .
V. NOTE ADDED
While preparing this manuscript, paper [21] appeared
on arXiv which overlap partially to this work. We have
noticed that they either ignored the detector energy res-
olution, detection efficiency and the oscillation probabil-
ities or they have not treated them properly. About the
oscillation probability, the correct estimation is possible
with the form given in eqn. (6) here. However, they
only consider the survival part and ignore the conver-
sion rates in the detector. Also they do not take any
energy dependence of the oscillation probabilities, which
although small for pp neutrinos, but cannot be ignored
entirely to get correct results.
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